The base moiety of 1-N-methyladenosine can be protected with a chloroacetyl group for incorporation of this modified nucleoside into DNA and RNA. Carefully controlled anhydrous conditions are needed for deprotection of the oligonucleotides.
INTRODUCTION
Modified nucleosides offer an overwhelming variety of chemical and potential biological functions. More than 100 modified nucleosides have been discovered in nature (1) . The structures of these nucleosides are well known but the contribution of modified nucleosides to the functional chemistry, structure and biological activity of RNAs largely remains to be discovered. Indeed, most of these modifications occur in various RNAs and they are introduced after the polymerisation reaction. Nucleic acid modifications have been linked to control of gene expression at both the levels of transcription and translation (2) . Modified nucleosides have a function in RNA-RNA and RNA-protein interactions, in the dynamics of the translation process and in nucleic acids evolution. The interaction of one modified nucleoside with another may stabilise novel nucleic acid structures.
tRNA displays the largest variety of modified nucleosides. The study of the physico-chemical properties of these nucleosides and their influence on the translation process may provide an insight into the RNA world and give new impetus to the design of nucleic acids with novel functions (3) . Posttranscriptional modifications in natural tRNA are important in stabilising the cloverleaf conformation of tRNAs and in some cases the modified nucleoside is involved in directing cloverleaf folding (4) . A particular role in this folding has been attributed to 1-methyladenosine (m 1 A), obtained by posttranscriptional methylation of adenosine by methyl-1-adenosine transferase (5, 6) . Approximately 25% of all tRNAs have m 1 A at position 58 in the T loop, while m 1 A also often occurs at position 14 in the D loop (7) . Methylation at position A9 is specific for mitochondrial tRNAs (8) .
The function of modified nucleosides is studied by comparison of the properties of modified tRNAs (purified from wild-type organisms) with that of unmodified tRNAs (obtained by in vitro transcription) and of partially modified tRNAs (from modification mutants). These studies have allowed to demonstrate that m 1 A is a key element for correct folding of human mitochondrial tRNA Lys (4, 9) . It was observed that unmodified human mitochondrial tRNA Lys does not adopt the cloverleaf structure, but folds into a bulged hairpin, including an extended amino acid acceptor stem, an extra large loop instead of the T stem and loop and an anticodon-like domain (4, 9) . Introduction of a single methyl group (m 1 A9) is sufficient to induce cloverleaf folding of this tRNA (9) , which is the first evidence of a role of m 1 A in RNA folding.
Methylation of adenosine at position 1 produces a drastic functional change in the nucleobase. 1-Methyladenosine (pK a ∼8. 25 ) is a much stronger base than adenosine (pK a ∼3.5) (10) . N-1 methylation excludes participation of the adenine base in canonical Watson-Crick base pairing, provides a positive charge to the nucleobase and also alters the hydrophobicity of the base, the stacking properties (11) , the ordering of water molecules and the chelation properties. The base may become involved in non-canonical hydrogen bonding, in electrostatic interactions and, in general, it may contribute to the conformational dynamics of the tRNA. As an example, a reverse Hoogsteen base pair is formed between m 1 A58 and T54 in tRNA Phe (12) .
Because 1-methyladenosine is a basic nucleoside, which easily undergoes Dimroth rearrangement to yield N 6 -methyladenosine, its incorporation in oligonucleotides by chemical means is not easy. This incorporation might be achieved either by working in a non-basic medium during the whole process of oligonucleotide synthesis and deprotection or by working in an anhydrous medium. Here we describe the synthesis of the phosphoramidite of protected 1-methyladenosine and its successful incorporation into DNA as well as RNA.
MATERIALS AND METHODS
NMR spectra were recorded using a Gemini 200 NMR spectrometer and a Varian 500 Unity spectrometer at 300 K. Chemical shifts were measured relative to the solvent signals. The coupling constants (J) are given in Hz. The signals were assigned using double resonance techniques.
Mass spectrometry and exact mass measurements of the building blocks were performed in a quadruple/orthogonal acceleration time-of-flight tandem mass spectrometer (Q-Tof-2; Micromass, Manchester, UK) equipped with a standard electrospray ionisation (ESI) interface. Samples were dissolved in a *To whom correspondence should be addressed. Tel: +32 16 337487; Fax: +32 16 337340; Email: piet.herdewijn@rega.kuleuven.ac.be H 2 O:2-propanol mixture (1:1) and infused at 3 µl min -1 . Oligonucleotides were dissolved in a mixture of acetonitrile:water (1:1), the final concentration being ∼15 pmol µl -1 . Electrospray spectra were acquired in negative ion mode (-ESI) in a quadrupole/orthogonal acceleration time-of-flight tandem mass spectrometer (Q-Tof-2) equipped with a standard ESI interface. Samples were infused at 3 µl min -1 . A collision energy of 120 eV was used for acquisition of the fragment ion spectra. Column chromatography was performed on silica gel (0.06-0.20 mm). TLC was carried out on Kieselgel 260 F (Fluka) with detection by UV light using the following systems: methylene chloride:methanol, 1:1 (A); methylene chloride:methanol, 9:1 (B); methylene chloride:methanol, 95:5 (C).
5′-O-monomethoxytrityl-1-methyladenosine (2)
A mixture of the hydroiodide salt of 1-methyladenosine (1) (4.1 g, 10 mmol) and monomethoxytrityl chloride (4.63 g, 15 mmol) in dry pyridine (30 ml) was stirred in the dark for 2 days at 20°C. To the suspension was added CH 2 Cl 2 (200 ml) and the organic layer was subsequently washed with water (50 ml), 10% aqueous sodium bicarbonate (30 ml), 5% aqueous Na 2 S 2 O 3 (30 ml) and water (2 × 10 ml). The organic layer was dried over Na 2 SO 4 , evaporated in vacuo and co-evaporated with toluene (3 × 30 ml). The residue was dissolved in acetone (20 ml) and precipitated into ether (500 ml). The mixture was kept at 0°C overnight, the precipitate filtered, washed with ether (30 ml) and dried to give 2 as a slightly yellow powder. Yield 3.76 g (68% A solution of nucleoside 2 (277 mg, 0.5 mmol) in 2 M methylamine in methanol (5 ml) was kept for 8 days at 20°C and evaporated in vacuo to dryness. The residue was purified by column chromatography on silica gel (20 g To a cold (0°C) solution of nucleoside 2 (277 mg, 0.5 mmol) in dry pyridine (3 ml) was added trimethylsilyl chloride (0.32 ml, 2.5 mmol) and the solution was stirred at 0°C for 45 min. Then benzoyl chloride (0.29 ml, 2.5 mmol) was added and the mixture was stirred at 0°C for 3 h. The reaction was quenched by addition of aqueous 10% sodium bicarbonate (5 ml) and the mixture was stirred at 0°C for 30 min and then at 20°C for 1.5 h. To the suspension were added CH 2 Cl 2 (30 ml) and water (10 ml), and the organic layer was subsequently washed with 10% aqueous sodium bicarbonate (10 ml) and water (10 ml). The organic layer was dried over Na 2 SO 4 , evaporated in vacuo and co-evaporated with toluene (3 × 10 ml). The residue was purified by column chromatography on silica gel (20 g Method B. To a cold (-20°C) solution of nucleoside 2 (1.66 g, 3 mmol) in a mixture of dry pyridine (3 ml) and dichloroethane (30 ml) was added chloroacetic anhydride (2.05 g, 12 mmol) and the solution was kept at 0°C for 30 min. To the solution were added CH 2 Cl 2 (50 ml) and water (30 ml) and the organic layer was subsequently washed with 10% aqueous sodium bicarbonate (20 ml) and water (20 ml). The organic layer was dried over Na 2 SO 4 , evaporated in vacuo (bath temperature <30°C) to a volume of ∼5 ml, then 2 M ammonia in methanol (15 ml) was added and the solution was kept at 0°C for 30 min.
The mixture was evaporated in vacuo and co-evaporated with toluene (30 ml). The residue was purified by column chromatography on silica gel (100 g). The column was washed with methylene chloride and methylene chloride:methanol 99:1 and 98:2 and then eluted with methylene chloride:methanol 97:3 to give 5c as a foam. Yield 1.5 g (80%).
1,N 6 -dimethyl-5′-O-monomethoxytrityladenosine (6a)
A solution of nucleoside 5a (50 mg, 0.076 mmol) in 2 M methylamine in methanol (5 ml) was kept for 5 days at 20°C and evaporated in vacuo to dryness. To the residue dry ether (10 ml) was added and after 24 h at 20°C the precipitate was filtered, washed with ether and dried to afford 6a as a white powder. Yield 40 mg (93%). R f 0. 
1-Ethyl-N 6 -methyl-5′-O-monomethoxytrityladenosine (6b)
A solution of nucleoside 5a (50 mg, 0.076 mmol) in 2 M ethylamine in methanol (5 ml) was kept for 8 days at 20°C and evaporated in vacuo to dryness. The residue was dissolved in acetone (5 ml) and hexane (10 ml) was added to a slight turbidity. After 24 h at 20°C the precipitate was filtered, washed with a mixture of acetone:hexane 1:3 and dried to give 6b as a white powder. Yield 33 mg (75%). R f 0.14 (A 
Silylation of nucleoside 5c
To a solution of 5c (1.260 g, 2 mmol) and imidazole (340 mg, 5 mmol) in dry 1,2-dichloroethane (20 ml) was added t-butyldimethylsilyl chloride (362 mg, 2.4 mmol) and the mixture was kept at 20°C for 16 h. During this time fine crystals of imidazole hydrochloride were formed. A mixture of CH 2 Cl 2 (30 ml) and 10% aqueous sodium bicarbonate (10 ml) was added and the organic layer was washed with water (10 ml), dried over Na 2 SO 4 and evaporated in vacuo to dryness. The residue was purified by column chromatography on silica gel (30 g) using hexane:EtOAc (a gradient from 5:1 to 1:2) to yield 10% (170 mg) of the 2′,3′-O-bis-TBDMS derivative, 36% (540 mg) of 7 and 41% (620 mg) of the 3′-O-TBDMS derivative as white foams. 
Synthesis of phosphoramidite building block 8
About 1 mmol modified nucleoside 7, protected at the primary alcohol, was treated with dry N,N-diisopropylethylamine (3 equiv.) and 2-cyanoethyl-N,N-diisopropylchlorophophoramidite (1.5 equiv.) in dry dichloromethane (10 ml) and stirred at room temperature for 30 min. The reaction was quenched by addition of water (3 ml) and further stirred for 15 min. The mixture was washed with 5% sodium bicarbonate solution (30 ml) and saturated NaCl solution (3 × 30 ml), dried and evaporated. Column chromatography with n-hexane/acetone/ triethylamine as eluent afforded the amidite. The product thus obtained was dissolved in dry dichloromethane (2 ml) and precipitated by dropwise addition to cold (-70°C) n-hexane (100 ml). The product was isolated, washed with n-hexane, dried and used as such for DNA synthesis. 
Solid phase oligonucleotide synthesis
Oligonucleotide synthesis was done on an ABI 392 DNA synthesiser (Applied Biosystems) at the 1.5 µmol scale using the phosphoramidite approach and the standard protocol, except for an increase in the amidite concentration for 8 from 0.1 to 0.12 M. Analogous to oligoribonucleotides, coupling of the modified monomer was allowed to proceed for 10 min. The oligomers were deprotected and cleaved from the solid support by treatment with an anhydrous solution of 2 M ammonia in MeOH for 60 h at room temperature. These reaction conditions are sufficient to cleave the N 2 -isobutyryl protecting group of the guanine base. The solution was decanted, the filtrate evaporated (SpeedVac), and the residue treated with 1.5 ml of a 1 M TBAF solution for 18 h at room temperature. The reaction was quenched by addition of 1 ml of a 1.5 M NH 4 OAc solution and was desalted twice on a NAP25 column and lyophilised. Purification was achieved on a Mono-Q HR10/10 anion exchange column (Pharmacia) at a flow rate of 2 ml min -1 with the following gradient system: A, 0.1 M KH 2 PO 4 , pH 6.4, 0.05 M NaCl; B, 0.1 M KH 2 PO 4 , pH 6.4, 0.9 M NaCl. The gradient used depended on the oligonucleotide. The low pressure liquid chromatography system consisted of a Merck-Hitachi L 6200.A intelligent pump, a Mono Q-HR 10/10 column (Pharmacia), a Uvicord SII UV detector (Pharmacia-LKB) and a recorder. The product-containing fraction was desalted on a NAP25 column. For oligoribonucleotides we used a 10 min coupling time throughout as prescribed. For purification a perchlorate gradient at a flow rate of 2 ml min -1 was used: A, 0.01 M NaClO 4 , 20 mM Tris-HCl, pH 6.8, containing 10% CH 3 CN; B, 0.6 M NaClO 4 , 20 mM Tris-HCl, pH 6.8, containing 10% CH 3 CN; 0 to 50% B.
Melting temperatures
Oligomers were dissolved in 0.1 M NaCl, 0.02 M potassium phosphate pH 7.5, 0.1 mM EDTA. The concentration was determined by measuring the absorbance at 260 nm at 80°C. The following extinction coefficients were used: dA, ε = 15 000; 1-methyladenosine, ε = 12 000; dT, ε = 8500; dG, ε = 12 500; dC, ε = 7500; U, ε = 10 000. The concentration in all experiments was ∼4 µM for each strand except for the hairpins, where T m was verified at different concentrations (2-15 µM) to verify the hairpin mode of complexation. Melting curves were determined with a Cary 100Bio spectrophotometer. Cuvettes were maintained at constant temperature by means of water circulation through the cuvette holder. The temperature of the solution was measured with a thermistor directly immersed in the cuvette. Temperature control and data acquisition were done automatically with an IBM-compatible computer. The samples were heated and cooled at a rate of 0.2°C min -1 , and little difference could be observed between the heating and cooling melting curves. Melting temperatures were evaluated by plotting the first derivative of the absorbance versus temperature curve.
Mass spectrometry
Prior to acquisition of spectra, the oligonucleotides were converted to their triethylammonium salt by reversed phase HPLC using TEAB buffer and elution with CH 3 CN. The mass spectrometer was tuned to a resolution of ∼7000 (measured at 50% intensity) in order to obtain monoisotopic mass values. The m/z values were deconvoluted using the MaxEnt algorithm of the processing software (MassLynx; Micromass, Manchester, UK). In order to check whether a Dimroth rearrangement of m 1 A occurred, the base anion was released from the oligonucleotide by in-source fragmentation. The fragment ion spectrum of the released base was then compared with those obtained from m 1 A-and m 6 A-containing nucleosides.
The position of the incorporated m 1 A was verified by digestion of the oligonucleotide using RNase T1 and analysis of the oligonucleotide mixture using capillary LC-MS (CapLC; Waters, Milford, MA). The chromatographic system was adapted from Apffel et al. (13) . A 300 µm × 15 cm 3 µm RP C18 column (PepMap; LC Packings, San Francisco, CA) was used as the stationary phase. The fragments obtained from CID experiments agree with the theoretical values, confirming the correct sequence.
RESULTS

Synthesis of protected 1-methyladenosine
In the course of our ongoing programme on the synthesis of oligonucleotides containing minor tRNA components (14-16), we incorporated 1-methyladenosine (1) into oligonucleotides. It is known that, under alkaline conditions, m 1 A rearranges to N 6 -methyladenosine (3) (10,17). Also, m 1 A is difficult to handle due to its polar character (10, 11) . Oligonucleotides containing m 1 A (2) were prepared via ligation of its 3′,5′-mononucleoside biphosphate derivative to a synthetic 8mer corresponding to the 5′-end of a tRNA and an in vitro transcribed 64mer corresponding to the 3′-part of the tRNA (9). 1-Methyladenosine itself can be easily prepared on the preparative scale by methylation of adenosine (17) . Before exploring the protecting group strategy, we examined the stability of 1 under different conditions of deblocking of acyl groups which are used in oligonucleotide synthesis (18, 19) . In 25% aqueous ammonia, the half-time of Dimroth rearrangement of 1 to give 4 was 36 h at room temperature. However, 1-methyladenosine was stable for 3 days at room temperature in 2 M ammonia in methanol and for 2 days at room temperature in 1 M Bu 4 NF in THF. These reaction conditions can be used to remove all common protecting groups employed in oligonucleotide synthesis (18, 19) .
Direct tritylation of the hydroiodide salt of 1-methyladenosine gave 2 in 68% yield. It should be mentioned that the monomethoxytrityl compound 2 is still rather polar (TLC R f 0.15 in methylene chloride:methanol, 1:1). Several examples are described in the literature for amidine protection (20) (21) (22) . For example, 1,3-dimethylcytosine can be protected using acetic anhydride and the acetyl group can be cleaved by sodium methoxide (23) . Therefore, we investigated different acyl protecting groups for the amidine function of 2, starting with the benzoyl group, which is most commonly used in oligonucleotide synthesis. A transient protection strategy (24) was used for the preparation of 5a (Scheme 1). Unfortunately, the benzoyl group was found to be too stable towards ammonia in methanol (Table 1) . Cleavage does not occur within the time limits used during oligonucleotide synthesis. Therefore, the more base-labile acetyl and chloroacetyl (25) protecting groups were evaluated. Compounds 5a-c were prepared in good yields. The preparation of 5c was optimised using chloroacetic anhydride in pyridine as acylating agent with subsequent cleavage of the O-chloroacetyl group with ammonia. Protection of the amidine function substantially decreased the polarity of N-protected 1-methyladenosines, the values of 5a-c (R f 0.56-0.59, methylene chloride:methanol, 9:1) are nearly the same as for 5′-O-monomethoxytrityl-N 6 -benzoyladenosine (R f 0.61).
Deblocking of 5b and c was readily accomplished in 2 M NH 3 in methanol. Solvolysis of 5a-c with 2 M EtNH 2 in MeOH proceeded much faster. However, a new reaction product was formed. Reaction of 5a with EtNH 2 in MeOH revealed the formation of 6b. In the case of 5b and c a mixture of 2 and 6b was formed. To obtain further insight into this transformation the reaction was repeated using 2 M MeNH 2 in MeOH. In this case solvolysis of 5a gave 6a. These results may be explained by nucleophilic attack of alkylamines at the C-6-position of 1-methyladenosine derivatives, followed by elimination of the acylamide.
It should be mentioned that 2 rearranged to 5′-O-monomethoxytrityl-N 6 -methyladenosine (4) in 2 M MeNH 2 in near quantitative yield at 20°C for 6 days. This reaction is much slower in the case of 2 M EtNH 2 in MeOH (20 days). It may be concluded that ammonia in MeOH is the method of choice for the deprotection of N 6 -acyl derivatives of 1-methyladenosine. The structures of 6a and b were confirmed by mass and NMR spectroscopy. Full assignments of the 13 C NMR spectra are presented in Table 2 .
The t-butyldimethylsilyl (TBDMS) group was used for protection of the 2′-hydroxyl function. Several methods for its introduction were tested: THF-AgNO 3 (18) , DMF-imidazole (19), Py-imidazole (26) and dichloroethane-imidazole (Table 3) . In all cases the ratio of 2′-to 3′-isomers was near 1:1. Separation of isomers was achieved by column chromatography on silica gel using EtOAc/hexane (27) as the solvent system. For the preparation of 7 the last method may be recommended due to the easier work-up procedure.
Oligonucleotide synthesis
Using standard procedures, 7 was converted to the corresponding phosphoramidite 8, which was used for the synthesis of different oligonucleotides. First, the incorporation of 1-methyladenosine into oligodeoxyribonucleotides was investigated [using the sequence d(GCACGTAATXGTCC), where m 1 A is incorporated at position X], as well as its effect on hybridisation. The following protecting groups were used for the natural bases: N 6 -benzoyl for adenine; N 2 -isobutyryl for guanine; N 4 -acetyl for cytosine. For the hybridisation studies, we selected a tetradecamer forming a hairpin structure and incorporated 1-methyladenosine either at position A3, A7, A8 or A10 (Table 4 ). In addition, m 1 A was incorporated into a single-stranded sequence once within a dA stretch and once in a random sequence (Table 5 ). Oligonucleotides were synthesised in an Applied Biosystems apparatus using standard coupling conditions with a 10 min coupling time for the modification, with a yield of 90% according to trityl analysis. Deblocking of the base protecting groups and the cyanoethyl group was carried out with 2 M NH 3 in MeOH (60 h at room temperature) followed by 18 h TBAF treatment at room temperature. The oligonucleotides were purified on a Mono Q anion exchange column at neutral pH and their molecular weight was confirmed by mass spectrometry. Anion exchange chromatography showed a shift in R f value of the oligonucleotides containing 1-methyladenosine due to the presence of a positive charge on the modified base. Table 4 Table 5 , excluding m 1 A, which acts as a universal nucleoside (28) .
Finally, we incorporated 1-methyladenosine in an RNA sequence. A 17mer was selected corresponding with the T stem-loop sequence of tRNA Met from Schizosaccharomyces pombe (29) . With the latter sequence, 1-methyladenosine was incorporated at position 10, where it occurs naturally. After oligonucleotide synthesis, the base-labile groups were removed with 2 M NH 3 in MeOH and the 2′-O-t-butyldimethylsilyl groups were removed with 1 M TBAF in THF as before. The oligonucleotide was purified on a Mono Q column with a NaClO 4 gradient in Tris buffer pH 6.8. In order to prove correct incorporation of m 1 A and to show that no Dimroth rearrangement occurred during deprotection, mass spectrometry was used together with enzymatic hydrolysis of the oligonucleotide followed by subsequent HPLC analysis of the fragments. The position of m 1 A in the 17mer was demonstrated by enzymatic hydrolysis of the oligonucleotide with RNase T1 followed by LC-MS analysis of the hydrolysis products. The theoretical fragments from this digestion are CCAGp, Gp, AUCGp, m 1 AAACCUGp and G-OH. Figure 1 shows the chromatograms obtained by capillary LC-MS analysis of the digestion mixture. The mononucleoside and mononucleotide elute early and are not shown in the figure.
The unmodified tetramers CCAGp and AUCGp elute at 13.27 and 13.72 min, respectively. The peak at 13.27 min in Figure 1B (trace for AUCGp) corresponds to the 13 C isotopecontaining species CCAGp, which has a molecular mass 1 Da less than AUCGp. The m 1 A-modified oligonucleotide elutes at 15.71 min. Additional chromatographic peaks are visible in the UV trace which can be assigned to oligonucleotides containing a cyclic phosphate at their 3′-end. The enzymatic hydrolysis with RNase T1 proceeds through a 2′,3′-cyclic intermediate and an incomplete reaction explains the presence of these products. The position of the methyl group on the AAACCUGp oligonucleotide was determined by an LC-MS/MS experiment in which fragments were generated by in-source fragmentation. The expected theoretical m/z values were determined and are listed in Table 6 . In particular, the ions assigned to the fragments a 2 -B, a 3 -B and a 4 -B, together with the corresponding d 1 , d 2 and d 3 ions, confirm that the methylated adenine is present as the first residue at the 5′-end and that the subsequence m 1 AAACCUGp is present in the 17mer.
The identity of the methylated base in the oligonucleotide was checked by an LC-MS/MS/MS experiment. The base was released from the oligonucleotide by in-source fragmentation and the base anion (m/z 148) was subsequently fragmented. This fragment ion spectrum was then compared with spectra obtained in a similar way with the same collision energy (20 eV) from 1-methyladenosine and 6-methyladenosine. In Figure 2 the fragment ion spectrum for the methylated adenine from the oligonucleotide ( Fig. 2A ) is plotted together with the fragment ion spectra of the base anions from m 1 A (Fig. 2B ) and m 6 A ( Fig. 2C) . The results clearly show that the spectrum obtained from the oligonucleotide corresponds to 1-methyladenine and, hence, no Dimroth rearrangement has taken place during synthesis.
CONCLUSION
1-Methyladenosine can be protected at the base moiety with a chloroacetyl group and converted into a phosphoramidite building block for oligonucleotide synthesis. 1-Methyladenosine was successfully incorporated into DNA and RNA. Deblocking of base-labile protecting groups should be done under anhydrous conditions (2 M NH 3 in MeOH). Mass spectrometry was used to prove correct incorporation of m 1 A into RNA. The modification destabilises a duplex but slightly improves the stability of a hairpin when incorporated into the loop.
